Male C57BL/6N mice were purchased from Jackson Laboratory. Mice were fed a standard pelleted diet and water ad libitum under normal laboratory conditions of 12-hour light/dark cycles. All experimental procedures were in accordance with the guidelines to the care and use of experimental animals (1). The common bile duct is ligated in mice as described previously (2).
Closure was done with a two-layer running suture (Prolene 6-0). The ligation procedure was skipped for sham-operated mice that form the control group.
Analgesic treatment was started immediately after the wound closure. Buprenorphine (0.05mg/kg BW, Temgesic) was subcutaneously injected; the systemic analgesic therapy was given twice a day during the first two postoperative days. During this time the animals were checked for their clinical condition twice a day; afterwards the animals were routinely checked once a day including weekends and holiday.
The blood and liver were collected after 0.25 (6 hours), 1, 3, 5, 7, 14 and 28 postoperative days (POD) after bile duct ligation and the corresponding sham mice. One hour before harvest, 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich, St. Louis, USA) was injected intravenously in a dose of 5 mg/kg body weight (dissolved in sterile NaCl 0.9%) for revealing proliferation of the biliary epithelial cells. Blood was collected from the infrahepatic vena cava for analysis of liver enzymes. Animals were sacrificed by exsanguination under anaesthesia and the livers were explanted and weighed. Furthermore, the weight of each liver lobe was measured and all liver lobes were collected for histological analysis. Samples were fixed in 4% buffered formalin for 48 hours. Sections, 4µm thick, were cut after paraffin embedding according to the standard protocol. Two slides per animal were included in the analysis. On the first slide always three liver lobes (RSL, RIL, LLL) and on the second slide two liver lobes (RML, LML) and a sample of the duodenum were arranged on the glass slide allowing simultaneous staining to ensure same staining quality. The duodenum on the second slide served as an internal positive control for the BrdU staining. 5 minutes), tissue sections were treated with pre-warmed 0.1% trypsin solution (Sigma, St.
Louis, MO) at 37°C for 40 minutes, followed by denaturation of the DNA with 2N HCl (Merck, Darmstadt, Germany) at 37°C for 30 minutes. In the next step, sections were incubated with 1:50 monoclonal anti-BrdU antibody (Dako, Hamburg, Germany) at 37°C for 1 hour, followed by an alkaline-phosphatase labelled secondary anti-mouse antibody (Power Vision, Immunovision Technologies, USA) for 1 hour at room temperature. Colour reaction was performed using the Fast Red Substrate System (sensitive) (Dako, Hamburg, Germany) for 10 minutes. The sections were counterstained with Mayer's Hemalaun (Merck, Darmstadt, Germany) for 10 seconds, and cover slipped using ImmuMount (Shandon, Pittsburgh, PA). Whole Slides scanning was performed using a whole slide scanner (Nanozoomer, Hamamatsu Electronic Press Co., Ltd, Lwata, Japan). Proliferation of the biliary epithelial cells of the bile ducts (BEC) was assessed in all liver lobe sections. We utilized a custom automated analysis routine to identify liver lobes of slides, portal fields within the liver slice, bile ducts within those portal fields and the number of BrdU-positive cells within those bile ducts. The number of BrdU+ve cells identified per bile duct was determined in liver samples over the 28 days following BDL.
Architectural Immunofluorescence and Surface

Reconstructions
Liver architecture staining protocol Liver lobes of 8-12 weeks old male C57BL/6N mice (Janvier Labs) were harvested, fixed and stored in Roti-Histofix 4% (CARL-ROTH, Karlsruhe, Germany,P087.1) at 4℃ for 3d followed by fixation for longer storage in preservation buffer Reagent B ( Roti-Histofix 2% PFA with 15% glucose). These lobes were then fixed on the buffer tray S of the vibratome software. The stacks were saved as a 16-bit TIFF (OIF format) and an accessory file, OIB file and exported as AVI files. These stacks were then deconvolved by using Autoquant X3 (Bitplane).
The imaging setup for various fluorophores is described below:
The procedure of deconvolution was Adaptive PSF (Blind) deconvolution with theoretical PSF, 10 iterations, medium noise. The deconvolved stack was saved as a 32-bit floating point, Imaris file format, which was compatible to IMARIS (Bitplane) software to generate 3D surfaces.
Each stack was processed and surfaces were generated using global intensities and appropriate thresholds were applied to remove any background. The 3D surface of sinusoids was generated from donkey anti-mouse IgG signal using the Imaris surface function. Isolated biliary network of the bile ducts and their connection to the bile canaliculi via the Hering canal as shown in Fig.1F were achieved by masking the 3D sinusoidal surface from the DPP4 channel, since the DPP4 marks the sinusoids along with the biliary network. Depending on the individual channel intensities, all fine structural details were preserved by removal of noise and any out of focus light or artefacts was removed by median filtering (3×3×1 kernel).
The canal of Hering and the bile duct were represented by the artificial colours yellow and white after isolation from the biliary network masked channel.
Image Processing for 3D-Morphometry of Bile Ducts
Code and Dependencies
All programs and scripts required for the computation and generated data described here are 
Microscope derived formats and conversion
Image acquisition data is typically stored on microscopes in proprietary formats by vendorsupplied acquisition software. In this work, imaging was performed on an Olympus FV1000 confocal microscope. This instrument outputs data as a *.OIB file which contains acquisition metadata as well as all acquired image frames. Alternatively, data may be saved as an *.OIF file, which consists of a single file containing metadata and an accompanying directory which contains all acquired image frames as individual *.TIFF files.
In both cases, the microscope data was converted to 32-bit OME-TIFF hyperstacks with order XYZCT using the Bio-formats library for ImageJ (4). These TIFF files contain the metadata in headers and can be parsed as required.
Measurement of duct diameter, eccentricity, length, tortuosity and volume
In order to measure the diameter we utilize anti-DPP4 derived surface reconstructions of bile ducts to segment their 3D-intensity channel. These z-stacks containing isolated bile ducts are then manually cropped to Z-stacks in Fiji containing single unbifurcated sections of the bile duct. This step is critical to the finding of duct orientation through principal component
analysis. An added benefit of this step is that z-stacks containing only the bile ducts occupy less memory and have reduced the computational cost compared to original data. Z-stacks are then processed as follows:
1. Otsu thresholding -to set background values to 0 and bile duct values to 1.
2. Binary 3D-hole filling with a 4×4×4 px kernel to patch any holes that may have occurred due to poor immunofluorescence signal and thresholding.
3. Principal component analysis of the 3D intensity data to yield PCA coefficients and scores of the data. A MATLAB routine called 'Diaduct' was written implementing the above algorithmic steps.
Typical output of this routine is shown below:
3D-confocal stack Isosurface rendering and diameter measurements
Measurement of duct branching and biliary tree complexity
To measure duct branching we utilized anti-KRT19 staining of bile ducts. Anti-KRT19 marks the cytoplasm of cholangiocytes constituting the bile ducts. It therefore provides an accurate representation of the 3D-profile of the bile duct albeit compromising the identification of the luminal surface. However, the luminal surface of the duct has no bearing on its skeletal features. Further, anti-KRT19 is bile duct specific, thereby simplifying segmentation of the duct.
The following steps are used to process the 3D-image:
1. Reny-Entropy thresholding to set background to NaN and the KRT19 bile duct signal to 1.
2. Gaussian filter with radius 5 px and binary hole filling using kernel of 2×2×2 px This routine is implemented as chained Fiji macros: preprocess.ijm, SkeleAnalyse.ijm and
StrahlerAnalysis.bsh
Measurement of Surface Area and Surface Roughness
As mentioned previously, bile duct surface is accurately represented by anti-DPP4 staining.
For generating the surface area, anti-DPP4 surfaces of manually segmented bile ducts were utilized to generate triangle meshes using the Marching Cubes algorithm implemented in Python scikit-image package. These surfaces were further processed using the following steps:
1. The triangle meshes are composed of triangles represented by their vertices. The vectors between these vertices are determined. Since the maximum resolution of the data is determined by the size of the pixels, the unit vector magnitudes are simply the pixel dimensions.
2. The cross product of any two triangle vectors is determined to obtain the normal (area) vector. 4. The dot product of the normal vectors with a diagonal vector spanning the cuboidal 3D-space allows us to find the angle of orientation along with respect to the diagonal.
The variance of these angles indicates the variance in orientations of the bile duct surface (i.e. frequency of corrugation), which increases with increased roughness.
5. The magnitude of the dot product is an indication of how far the surface translates at that triangle. Thus, the magnitude of the dot product represents the 'elevation' or amplitude of the corrugation.
6. These quantities are calculated for all bile ducts at various time points and the mean angular variance and average elevation calculated.
7. The area of all triangles is calculated as by Heron's formula and summed to calculate the area of the entire bile duct.
N is the normal vector
This analysis routine is implemented as the Python files: Roughness.py along with the initialization file Run.py. The resulting duct surfaces and normal vectors may be visualized using the included Paraview pipeline 'VisualizerPipeline.pvsm'. The Python routines output creates CSV files containing all measured quantities which can then be collated.
Simulation of corrugated surfaces
In order to simulate the effect of corrugation on surface area, a rectangular grid mesh is generated in 3D space, with each cuboid equivalent to the X, Y pixel dimensions in our data.
Corrugations are introduced along the Z-axis according to a sinusoidal pattern with varying angular frequency and amplitudes ranging from 10-50° and 0-50 µm, respectively. Gaussian noise equivalent to 10% of the x, y, z-values is added to the grid to simulate biological variability. The area of the resulting surface is then calculated as the double integral along the X, Y dimensions. The dependence of area on the angular frequency, corrugation amplitude and noise is then determined.
This basic simulation is available as the Python routine: SurfaceSim.py
Measurement of portal vein diameters and distance of bile ducts from portal veins
Bile duct distances from portal veins were measured using the following procedure:
1. Portal veins were manually segmented in 3D confocal stacks using the anti-Mouse
IgG intensity signal which is specific for endothelial cells.
2. Portal vein boundaries, diameters and centroids were determined using the Diaduct program described in 'Measurement of Duct Diameter, Eccentricity, Length, Tortuosity and Volume'. Diaduct is designed to perform morphometry on any ductular structure and the biological function of the structure is not relevant to its computational morphometric analysis.
3. Bile ducts were segmented and isolated as described earlier using anti-KRT19
staining. The distance between every bile duct pixel and the closest portal vein centroid was determined.
4. The distance of the bile duct pixels from portal vein walls was similarly determined.
5. Means of all the quantities for all time points were calculated.
These analyses are implemented in the Python routines: PVPreprocess.py, PVRemovesmallobjects.py, CollateBDPVdist.py
Measurement of CoH frequencies
Canals of Hering were defined to be junctions between bile duct branches and bile canalicular network. In our data, these appear as KRT19-positive bile duct branches consisting of cholangiocytes that join DPP4-positive bile canaliculi between hepatocytes. CoHs were manually identified and segmented. The segmented CoHs were subjected to all morphometric analyses described for the bile duct. The analyses included the entire KRT19-positive branch which terminated in a CoH. The number of CoH in a stack was normalized to the total length of the bile duct and portal veins present in the stack.
The collation of these analyses is performed by the Python routines: CollateCoH.py, CollateCoHPV.py, MapCoHPV.py
Measurement of cellular proliferation rates
In order to measure cellular proliferation rates based on BrdU staining, images of anti-BrdU stained tissue slides were generated on a whole slide scanner (Nanozoomer) equipped with a
Hamamatsu CCD camera and archived in NDP2 format. High resolution TIFF files were extracted from the NDP2 files. These high resolution images were subjected to object detection and filtering algorithms that isolated the lobes. To ensure correspondence in the liver regions used for cellular proliferation rates and 3D-morphometry, only the region corresponding to the outer 200 µm of each liver lobe was used for further analysis. The analyses and preprocessing routines are available as the Python scripts:
Extract_NDP2.py, Extract_lobes.py and BrduCounter.py .
Dataset
Mice were 8-12 weeks old males of C57BL/6N strain. Surface simulation 100 simulation runs for angular variance ranging from 500-700 deg 2 , step: 25 deg 2 and average elevation ranging from of 0-50 μm, step 1 μm. 
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